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INTRODUCTION
In the beginning of 2014 Voyager 2 (V2) was at 104 AU and had traversed 20 AU of the heliosheath. Voyager 1 (V1) crossed a boundary in 2012 at 124 AU, characterized by an increase in magnetic field strength and cosmic ray intensities and a dropout of the energetic particles (Burlaga et al. 2013a; Webber & McDonald 2013; Krimigis et al. 2013; Stone et al. 2013) . At first this boundary was thought to indicate the beginning of a transition layer inside the heliopause. However, plasma wave data show that the plasma density after this boundary is comparable to that expected in the interstellar medium, so the current consensus is that this boundary was the heliopause and V1 is now in the interstellar medium Burlaga et al. 2013b; Webber & McDonald 2013 ). This view is not universally held; some suggest that the boundary layer hypothesis still fits the data and V1 is still inside the heliopause (Fisk & Gloeckler 2013) . In either case, this boundary is 30 AU beyond the termination shock (TS) crossing. If the heliosheath width were the same in both the V1 and V2 directions, V2 would cross the boundary in early 2017.
Voyager 1 does not have a working plasma instrument, so V2 will make the first plasma measurements of the regions near the heliopause and in the interstellar medium. Lowenergy proton anisotropies were used to derive plasma flows at V1 (Gleeson & Axford 1968; Decker et al. 2005 Decker et al. , 2010 ) but densities and temperatures can usually not be determined. The exceptions were the two regions after the heliopause where plasma emissions were observed that allowed the density to be derived . Comparison of the velocities shows a very different flow structure in the V1 and V2 directions (Richardson & Wang 2012) . This paper presents V2 heliosheath plasma data out to 104 AU, compares these data to the V1 observations and to V2 flows derived from Low Energy Charged Particle (LECP) data, and discusses the implications of these results.
THE DATA
A detailed description of the Voyager Plasma Experiment (PLS) and the data analysis are given elsewhere (Bridge et al. 1977; Richardson & Wang 2012) . The PLS instrument measures ion currents in four Faraday cups, three (A, B, and C) oriented about a central axis pointed toward Earth and the fourth (D) pointed perpendicular to this axis. The acceptance angle of each cup is constant for flows from 0 to 45
• from the cup normal direction; the instrument response decreases roughly linearly to zero from 45 to 60
• . Thus, flows with angles larger than about 60
• from the detector normal are not observed by that detector. To find the vector velocity requires data in three of the four cups. When this condition is met, the measured currents are fit to convected isotropic proton Maxwellian distributions to determine the proton velocity, density, and temperature. These distributions generally fit the data well, although the observed currents are close to the instrument threshold so that alpha particles and low-density tails to the distribution could be present but not observed. Figure 1 shows a set of spectra chosen at a time when the instrument observed currents in all four Faraday cups; more typically currents are observed in only three of the cups (the minimum for performing the analysis). The histogram shows the observed currents in femtoamps (10 −15 A) plotted versus channel number, a roughly logarithmic energy scale ranging from 10 eV to 5950 eV. The A and B cups look closest to the flow direction and observe the largest currents. All cups suffered radiation damage at Jupiter resulting in the nonconstant noise observed in the higher energy channels. Careful selection of the channels to fit is key for the data analysis. The curves show the simulated currents produced using a proton Maxwellian distribution as input. The fit values for the three components of velocity (V R , V T , V N ), proton density (N), and proton thermal speed (W TH ) with 1σ errors from the fits are listed below the spectra. (The RTN system has R radially outward, T in the plane of the solar equator and positive in the direction of solar rotation, and N completes a right-handed system.) The fit shown here is a typical match to the data. (A color version of this figure is available in the online journal.) (Krimigis et al. 2011) . At V2, V R decreased across the heliosheath but very slowly. Over the past two years the average V R varied from 80 to 120 km s −1 , with an average value of 96 km s −1 . The V1 V R values were much lower throughout the heliosheath (Decker et al. 2005; Krimigis et al. 2011) . A simple linear fit to the V2 V R data gives a speed decrease of 8 km s −1 yr −1 , at which rate it would take over 10 years for V R to go to zero.
The second and third panels of Figure 2 show V T and V N in the same format as V R . The nonradial components of velocity are expected to increase as the flow turns and moves tailward. Such an increase was not observed at V1, where V T remained almost constant from the TS to the stagnation region and V N decreased as V R decreased. At V2 both V T and V N increase across the heliosheath. After the TS in 2007 V T averaged 43 km s −1 ; for the last two years the average was 93 km s −1 . The apparent flattening of the V T curve after 2012 is probably an instrument selection effect, with large V T leading to flow angles above the instrument threshold. V N increased from 22 km s −1 in 2007 to 68 km s −1 in 2013, but is one-third smaller than V T and thus not affected by the instrument response. We note that V T and V N are correlated after mid 2011, increasing and decreasing in unison for several months at a time.
The fourth panel shows the density. The density decreased by a factor of two in 2008, then recovered in Richardson & Wang (2012) . Since this increase the average density has remained fairly constant with a value of 0.0018 cm and of the errors in V T and V N in km s −1 . V R is the best determined parameter since the flow in the R-direction is directly into three of the cups; the average uncertainty is 8.4%. The average density uncertainty is about 25%, with higher values before and lower after the density increase which occurred in 2011. The increase in density improves the signal-to-noise ratio in the measured currents and decreases the uncertainties. This trend is very clear in the thermal speed uncertainties as well. These 1σ errors average 30.7%, but are 39% in the lower density region from 2009 to 2010 and 26% in the higher density region after 2011. These fairly large uncertainties derive from the lowresolution energy channels used to measure the low currents in the heliosheath (ΔE/E = 29%) and from the low densities. in the low density region, 16 km s −1 after 2011, and average 20 km s −1 over the whole heliosheath. Figure 4 shows parameters derived from the fit parameters, the magnitude of V, and the flow angles in the RT and RN planes. |V| is remarkable in that the average value has not changed as V2 has moved through the heliosheath. |V| ranges from 125 to 175 km s −1 , with speed excursions typically lasting several months, but the average value has stayed at 146 km s −1 . The • and 60
• due to the instrument response. The few points with larger angles are from spectra with signal in the side-looking D-cup or with unusual plasma characteristics (such as a large thermal speed) which allow currents to be observed in the three sunwardlooking detectors. The diamonds show the corrected RT angles, discussed below. After the TS in 2007 the average RN angle is −9
• ; the average increases to −27 • in 2013. The RN angles are not as large as the RT angles; RN is −27
• in 2013 whereas the corrected RT values are 58
• . The distribution of RN angles is only slightly affected by the instrument cutoff. The profiles of both RT and RN angles are relatively smooth compared to those of V R , V T , and V T ; the correlated variations in the speed components result in little change in the flow direction. Figure 4 shows that the RT angles are affected by the instrument response. The heliosheath is a region which is highly variable (Richardson 2011; Burlaga & Ness 2009 ) on timescales of tens of minutes so that a distribution of plasma values is observed. These distributions are remarkably well fit by Gaussian distributions. Figure 5 shows the distribution of • , where the instrumental cutoff becomes important. If we assume the RT distributions remain Gaussian, we can fit the observations above the cutoff and determine the full distribution, which yields the average flow angle. A full distribution is needed to determine the corrections; we calculate a new correction every six months. For the RT angle, the corrected average value for the second half of 2013 is 59
• , compared to an average from the measured spectra of 44
• . So, the correction is significant. If we do the same calculation for the RN angle the correction is only 1.7
• . From Figure 5 it is clear that in recent years the plasma instrument data cannot be used to determine plasma parameters for a large proportion of the plasma spectra. An obvious concern is that removing all high flow-angle plasma from the analysis could bias the calculation of the other plasma parameters. This would be the case if the other plasma parameters were correlated with flow angle. We have looked at the dependence of the speed components, density, and thermal speed of RT and find no significant correlation. Thus the values we show in the plots above need no correction except for V T and the RT angle. The spectra with large RT angles, >55
• , do have larger average densities and thermal speeds than those with lower RT angles; high angle flows with higher densities and thermal speeds are easier to observe.
DISCUSSION
As mentioned earlier, the flows observed by V2 are very different from those observed by V1. They are also derived in different ways, by fitting the plasma data for V2 but by using Compton-Getting analysis on the low-energy particle data for V1. The question then is whether the differences in flow are real or due to the different measurement techniques. One way to address this question is to compare the speeds derived from these two methods at V2. The ion detector used measures total energy, so the 28-43 keV proton channel will also measure 4-7 keV oxygen ions (Krimigis et al. 1981) . The Compton-Getting analysis used to derive flow estimates in Figure 6 assumed protons, which would overestimate the predicted convection speed if oxygen were present because of the higher speed of protons relative to that of pickup oxygen ions. It is unclear why these heavy ions are prevalent at V2 during 2009.3-2010.5. However, pickup oxygen ions have been measured by the V1 and V2 LECP low-energy ion channels in high speed solar wind (Decker et al. 2003) . A small energy boost at the termination shock would enable pickup oxygen detection by LECP in the low speed heliosheath flow. In the region from 2012.7 to 2013.3, ions from at least 28 keV to several MeV are streaming along the magnetic field, so the observed isotropies are not purely from flow convection and the Compton-Getting analysis is unreliable. Where PLS and LECP speeds can both be reliably determined the values are comparable. Both LECP and PLS observe much higher values of V R than LECP observed at V1 and a very slow decrease in V R across the heliosheath. Both PLS and LECP observe an increase in V T across the heliosheath, which is again very different from the constant low-speed V T observed at V1. We note that where LECP and PLS disagree the LECP values are larger than the PLS values; similar problems with the Compton-Getting analysis at V1 would also give larger values of V T and V R , not lower values as observed. The data thus are consistent, with the flow speeds in the V1 and V2 directions actually being very different; this difference does not appear to be an instrumental effect.
We note that some models of the heliosphere suggest that the speed fluctuations will increase with distance (Fisk & Gloeckler 2009) . Neither the individual points or running averages in Figure 2 show any indication of an increase in fluctuations. The relative standard deviations of the velocity components across the heliosheath show no increase.
Models of the heliospheric interaction with the interstellar medium have so far not succeeded in simulating both the V1 and V2 speed profiles. Two recently published simulations of plasma parameters are from Pogorelov et al. (2013) and Provornikova et al. (2014) . Pogorelov et al. (2013) use Ulysses data as input to construct a 3D model, and thus can simulate the heliosphere only until 2011. This simulation matches the TS locations well. In the heliosheath the model matches the V2 V R data but gives much greater values in the V1 direction than observed. This model also predicts smaller V N and V T components at V2 than observed and predicts V N > V T , opposite of observations. Provornikova et al. (2014) use Interplanetary Scintillation (IPS) data as input for a 3D time-dependent heliosphere model. The time-dependent model predicts the V2 V R is slightly higher than observed and a V1 V R 100 km s −1 greater than observed. This model matches the V1 V T values well, but significantly underestimates V2 V T and overestimates V2 V N . Thus neither model fits either V1 or V2 observations, and V1 and V2 flows look very different.
SUMMARY
Voyager 2 has sampled the heliosheath for 20 AU. The plasma data are of good quality, although as the plasma turns tailward larger portions of the plasma distribution cannot be observed. The speed has remained constant across the heliosheath, a surprise. V R has decreased, but V T and V N have increased to keep the speed constant. The flow is turning faster in the T than N directions, with a flow angle of about 60
• from radial in the RT plane and 30
• from radial in the RN plane. The average density has remained constant since an increase in 2011; the thermal speed is also not changing. The V2 flows are very different than those at V1 derived from LECP data. However, comparison of plasma and LECP flows derived at V2 usually show similar velocities, so we do not think the V1 differences are instrumental. Models also have trouble replicating these data; clearly something is missing from our physical picture of these flows. J.D.R. was supported under NASA contract 959203 from the Jet Propulsion Laboratory to the Massachusetts Institute of Technology. R.B.D. was supported at JHU/APL by NASA contract NNN06AA01C.
